Although oxidative stress is implicated in colorectal carcinogenesis, human studies on associations of individual prooxidants and antioxidants with colorectal cancer (CRC) have been inconclusive. We incorporated individual environmental factors known to affect oxidative stress into 4 oxidative balance scores (OBS) and investigated their associations with CRC in the Cancer Prevention Study II Nutrition Cohort. During 1999-2009, a total of 1,109 incident CRC cases were identified among 80,063 participants in the Nutrition Cohort who had completed detailed questionnaires. Four OBS with different weighting methods (equal weights, literature review-based, a posteriori data-based, and weights based on Bayesian analysis) were created by combining 16 dietary and nondietary lifestyle factors. Higher values for all 4 OBS, representing more antioxidant exposures than prooxidant exposures, were associated with 41%-53% lower risks of CRC; for example, the relative risk for the highest OBS quartile versus the lowest in the Bayesian analysis was 0.50 (95% confidence interval: 0.41, 0.61). The associations were more modest when OBS was restricted to either dietary or nondietary components. These results, obtained using comprehensive summary measures of oxidative balance-especially considering the similarity of the findings derived using the different weighting methods-support the hypothesis that a predominance of antioxidant lifestyle exposures (both dietary and nondietary) over prooxidant lifestyle exposures reduces risk of CRC.
Colorectal cancer (CRC), a multifactorial disease, is the second leading cause of cancer death in the United States, and despite advances in screening, prevention, and treatment, mortality due to CRC remains high (1) . Preventive approaches aimed at specific, known pathways of CRC causation might be effective in reducing CRC morbidity and mortality. Oxidative stress, defined as a disturbance in the ratio of prooxidants to antioxidants in favor of the former, is the primary cause of reactive oxygen and nitrogen species (RONS)-induced cellular injury and is considered to be involved in the pathogenesis of CRC (2) .
There is substantial basic science evidence for the role of RONS in the initiation and promotion of colorectal carcinogenesis (3, 4) . At moderate concentrations, RONS protect cells against the adverse effects of oxidative stress, thereby maintaining "redox homeostasis," and play an important role as signaling molecules for numerous physiological processes (5) . Excessive and sustained increases in RONS levels, however, may overwhelm antioxidant defense mechanisms, and this can lead to oxidative imbalance and mutagenesis and result in tumor initiation and progression through activation of redox-responsive signaling cascades involved in promotion of cell growth (6) (7) (8) .
Diet and other modifiable lifestyle factors, such as smoking, affect RONS production and oxidative balance and are valid targets for reducing oxidative stress in vivo. Despite the strong mechanistic evidence linking oxidative balance to colon carcinogenesis, epidemiologic investigations on the role of specific dietary contributors to oxidative balance (e.g., individual antioxidant vitamins) in CRC causation have been inconclusive (9) . For example, results from multiple chemoprevention trials of antioxidant supplements do not support routine use of such supplements for CRC prevention (10) . Methodological issues, such as uncontrolled and/or residual confounding, inappropriate range of intakes, and measurement error, may contribute to the conflicting results from observational studies. Other potential explanations include small individual effects of specific antioxidants, short follow-up periods in the supplement trials, antioxidant supplement doses and formulations not reflecting dietary intakes, and the lack of measures for overall oxidative exposure (11) .
To account for the generally small antioxidant/prooxidant effects of (and interactions among) dietary and lifestyle factors that act along the same pathway, we previously developed summary measures of oxidative balance, referred to as oxidative balance scores (OBS) (12) . Individual environmental components known to affect oxidative processes were combined into scores using 4 weighting methods. The OBS were associated with oxidative stress biomarkers and were risk factors for incident, sporadic colorectal adenoma (12) . OBS were also reported to be associated with CRC in a case-control study (13) . Herein we report findings from an investigation of associations between OBS and risk of incident CRC in a large US cohort. To our knowledge, this is the first prospective study to have examined CRC incidence with respect to a summary OBS.
METHODS

Study cohort
Participants were drawn from the Cancer Prevention Study II (CPS-II) Nutrition Cohort, a prospective study of cancer incidence and mortality in the United States established in 1992 and described in detail elsewhere (14) . Participants completed a mailed self-administered questionnaire on demographic, medical, diet, and lifestyle factors at enrollment. Follow-up questionnaires were sent in 1997, 1999, 2001, 2003, 2005, 2007 , and 2009 to update exposure information and ascertain newly diagnosed cancers. The Emory University Institutional Review Board (Atlanta, Georgia) approves all aspects of the CPS-II Nutrition Cohort study.
Follow-up for this analysis began on the date of completion of the 1999 follow-up questionnaire, which included a 152-item food frequency questionnaire (FFQ), first administered in 1999, designed to obtain a more comprehensive assessment of dietary exposures than the 68-item FFQ administered at enrollment in 1992 (14) . The response rate for the 1999 follow-up was 90% (n = 151,345). A total of 19,151 (13%) participants completed a shorter follow-up questionnaire with no dietary information and were excluded. After exclusion of participants who were lost to follow-up (n = 11,564), participants who had a history of CRC (n = 2,964) or cancer (other than nonmelanoma skin cancer) (n = 35,705) at baseline, participants who had unverified self-reported CRC with the 1999 survey being their last cancer-free survey (n = 32), participants who had nonadenocarcinomatous tumors in the colon or rectum (mostly lymphomas and carcinoids) (n = 37), participants who had incomplete or improbable FFQ data at baseline (n = 1,587) as indicated by implausibly high (men: >4,200 kcal/day; women: >3,500 kcal/day) or low (men: <800 kcal/day; women: <600 kcal/day) total energy intakes, and participants who did not report data on lifestyle variables required for calculating an OBS (n = 242), a total of 80,063 participants (33,354 men and 46,709 women) comprised the analytical cohort.
Follow-up for each participant began on the date of the returned 1999 survey and continued until the date of CRC diagnosis; the date of censoring due to loss to follow-up; death; report of a cancer other than nonmelanoma skin cancer; or June 30, 2009 , whichever came first. Persons who reported a CRC diagnosis that could not be verified were censored at the last cancer-free survey. A total of 703,862 person-years were accrued during the 10 years of follow-up.
Incident CRC
We identified and verified a total of 1,107 incident cases (528 in men and 579 in women) of CRC (International Classification of Diseases for Oncology, Third Edition, codes C18.0, C18.2-C18.9, C19.9, and C20.9) diagnosed after 1999 in the analytical cohort. Reported cancers were verified through medical records, registry linkage, or death certificates. Of the 1,107 cases, we identified 889 incident cancers of the colon (419 proximal, 186 distal, 278 unspecified, and 6 overlapping) and 194 cancers of the rectosigmoid junction or rectum. The subsite for 24 additional cases was unknown.
OBS components and their assessment
The components included in the OBS were determined a priori based on their expected physiological effects on oxidative processes. The 16 components in the OBS and the rationale behind their inclusion are listed in Table 1 . The dietary components were derived from the previously validated 152-item FFQ administered in 1999 (15, 16) . Nutrient values included those derived from dietary intake as well as supplement use, where available (see footnotes to Table 1 ). All nutrient values derived from the FFQ were adjusted for energy intake according to the residual regression method (17) . Because measurement of dietary selenium is unreliable, only supplemental selenium was used for the OBS (18) (19) (20) (21) . Supplemental selenium intake was categorized as less than the adult Recommended Dietary Allowance of 55 µg/day, ≥55 µg/day but <100 µg/day, or ≥100 µg/day (21). All energy-adjusted dietary variables, except selenium, were used as continuous variables in the OBS calculation.
Nondietary lifestyle variables included in the OBS were smoking (current smoker, former smoker, or never smoker), alcohol intake (<1 drink/week, 1-6 drinks/week, or ≥7 drinks/ week), obesity (body mass index (weight (kg)/height (m)
2 ) <30 and waist circumference <102 cm in men or <88 cm in women; either body mass index ≥30 or waist circumference ≥102 cm in men or ≥88 cm in women; or body mass index ≥30 and waist circumference ≥102 cm in men or ≥88 cm in women), and recreational physical activity (moderate-tovigorous activity measured in metabolic equivalent hours per week, as previously described by Chao et al. (22) ). All nondietary lifestyle variables were based on information reported on the 1999 questionnaire, except for waist circumference, which was reported in 1997.
Creation and weighting of OBS
Details on the methods and assumptions used in creating the multiple OBS have been previously published (12) . The primary assumption in creating weights for the OBS (except OBS-equal weight) was that the chosen components are associated with CRC risk primarily through the oxidative stress pathway. The OBS presented in this paper include supplemental selenium, a known antioxidant, which was not included in the original OBS published previously. Briefly, the OBS for each participant in the study was calculated as a continuously distributed weighted score combining 16 components selected a priori, with higher scores representing oxidative balance in favor of more antioxidants than prooxidants (Table 1) . Data on all continuous variables were transformed to standard normal distributions for OBS calculations. All OBS components except selenium intake, smoking, alcohol intake, and obesity were treated as continuous variables to create the OBS. We used 4 different weighting schemes for the OBS:
1. OBS-equal weight (an a priori method): For OBS-equal weight, we assumed that all components were equally important and should contribute similar weights towards the score. We multiplied the OBS components by the ω-6 fatty acids Higher intakes are associated with increased oxidative stress through increased free-radical production; unlike ω-3 fatty acids, they do not induce EpRE (51, 58, 59) Saturated fat Oxidative DNA damage through increased production of known prooxidant bile acids in the colon (60, 61) respective weights (1 for antioxidants and −1 for prooxidants) and summed the weighted components to generate the OBS-equal weight for each participant. 2. OBS-lit. review (an a priori method): Weights for OBS-lit. review were derived from literature reviews and were published previously (12) . The reviews were limited to cohort and case-control studies of the OBS components and CRC risk. Coefficient estimates were calculated using pooled adjusted risk estimates derived from reviews/meta-analyses of associations of individual OBS components with CRC risk. The inverse of the effect estimate was used so that components inversely associated with CRC had a positive weight and those with higher risk had a negative weight. 3. OBS-a posteriori (an a posteriori method): Data from the CPS-II Nutrition Cohort were used to derive weights for this OBS. We used a Cox proportional hazards model to estimate the relative risk of CRC for each OBS component after adjusting for other OBS components and confounders (see the "Statistical analysis" section below for a list of confounders). None of the 16 components violated the Cox proportional hazards assumption, as judged by the likelihood ratio test (23) . The coefficient estimates (natural log of the relative risk) for each of the components obtained from the Cox model were used to calculate weights for OBS-a posteriori, using methods described previously (12) . Since this OBS was evaluated in the same data set as the one used for its development, overfitting of the data is an issue. To address this concern, we conducted a 10-fold cross-validation; however, the results based on crossvalidation weights were not meaningfully different from those presented (24). 4. OBS-Bayesian (combination of a priori and data-based methods): We conceptualized OBS-Bayesian as a combination of the weighting schemes in OBS-lit. review and OBS-a posteriori. We used a hierarchical modeling approach, utilizing a Cox proportional hazards model with informative priors within the Bayesian framework, to derive weights for OBS-Bayesian. The priors for the OBS components were defined as normally distributed with mean and variance as determined for OBS-lit. review.
The covariates in the model were assigned noninformative normal priors with a mean of zero and large standard deviations (10 6 ). We used the BAYES statement in PROC PHREG in SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina), for the Bayesian analysis (25) . Convergence of the Markov chain was determined through visual analysis of trace plots and by means of 2 diagnostic tests (Gelman-Rubin and Geweke) (26, 27) . No departures from convergence were found for any of the components in the model. This weighting approach is discussed in greater detail elsewhere (12) .
Nondietary lifestyle variables, such as smoking, alcohol intake, obesity, and physical activity, are considered stronger risk factors for CRC than are individual dietary antioxidants and prooxidants (9) . To examine whether dietary factors meaningfully contribute to the association between OBS and CRC risk, we created a dietary OBS by excluding the nondietary variables from the OBS measures described above. A high dietary OBS represents increased intake of different fruits and vegetables, a higher ratio of ω-3 fatty acid intake to ω-6 fatty acid intake, and lower intakes of red meat and dairy foods (thereby lowering iron and saturated fat intake). We also created a lifestyle OBS variable that included only the 4 nondietary variables.
Statistical analysis
We used Cox proportional hazards models to estimate the relative risk of incident CRC (and its 95% confidence interval) in relation to each OBS, after adjusting for age, sex, education, family history of CRC in a first-degree relative, CRC screening (defined as ever having a colonoscopy or sigmoidoscopy), use of nonsteroidal antiinflammatory drugs (NSAIDs) (including aspirin), total (dietary and supplemental) calcium intake, total vitamin D intake, total energy intake, and hormone replacement therapy (among women). These covariates were selected a priori as established CRC risk factors and therefore potential confounders. In addition to the covariates mentioned above, models with dietary OBS as the main exposure variable also adjusted for smoking, alcohol intake, obesity, and physical activity (i.e., individual nondietary components of OBS), and models with lifestyle OBS as the main exposure variable adjusted for the dietary OBS variable. The Cox proportional hazards assumption and statistical interactions were assessed using likelihood ratio tests (23) . Separate models were fitted to analyze OBS as a continuous variable (effect estimates presented are based on a 1-standard deviation increase in OBS) and as a categorical variable (in quartiles, with the first quartile being the referent group). To test for linear trend, we created a continuous variable using the median OBS value within each quartile. We also examined whether the association between OBS and CRC incidence varied by sex, age (<65 years vs. ≥65 years), NSAID use (no regular use, 1-29 pills/month, or ≥30 pills/month), CRC screening history (never screened vs. ever screened), or colorectal tumor site (distal to the splenic flexure vs. proximal vs. rectal).
All statistical tests were 2-sided, and P < 0.05 was considered statistically significant. All analyses were conducted in SAS, version 9.2.
RESULTS
Descriptive statistics for the 4 OBS are presented in Web Table 1 (available at http://aje.oxfordjournals.org/). The distributions of baseline characteristics and OBS components according to quartile of OBS-equal weight are shown in Table 2 . Mean age and the proportion of participants with a family history of CRC in a first-degree relative were similar between persons in the highest and lowest quartiles of OBS-equal weight in both men and women. In general, study participants in the highest quartile of OBS-equal weight were more likely to have been screened for CRC, had lower total energy intakes, and had higher reported intakes of total calcium and vitamin D than those in the lowest quartile. They were also more likely to have higher intakes of antioxidant nutrients and lower intakes of prooxidant nutrients than those in the lowest quartile. There was a strong correlation (92%) between the OBS-lit. review and OBS-Bayesian measures. The other correlations ranged from 56% (between OBS-lit. review and OBS-a posteriori) to 71% (between OBS-a posteriori and OBS-Bayesian). OBS-equal weight had similar correlations (approximately 60%) with the other 3 measures.
The associations between the different OBS measures and risk of CRC, overall and by sex, are provided in Table 3 . Irrespective of the weighting scheme used, a 1-standard deviation increase in OBS was associated with an approximately 20% lower risk of CRC among study participants (men and women combined) after adjustment for covariates. For categorical analyses, participants in the highest quartile of all 4 OBS measures were less likely to be at risk for CRC than those in the lowest quartile, with statistically significant linear trends for the inverse association. The relative risks comparing the highest OBS quartiles with the lowest were consistent and statistically significant for the different measures (41%-53% lower risks of incident CRC). As expected, the inverse association between OBS and CRC risk was stronger for the OBS measures that utilized CPS-II data to derive weights (OBS-a posteriori and OBS-Bayesian) than for the completely a priori weighting schemes (OBS-equal weight and OBS-lit. review). The relative risks of CRC among participants in the highest quartile of all 4 OBS versus those in the lowest quartile of all 4 OBS were somewhat lower in men than in women (P interaction ≥ 0.29).
Dietary OBS (smoking, alcohol intake, obesity, and physical activity not included in the scores) and nondietary lifestyle OBS (dietary variables not included in the scores) were also independently associated with lower risk of CRC among persons in the highest quartile compared with those in the lowest quartile ( Table 4 ). The relative risks for both the dietary OBS and the lifestyle OBS were more modest than those for the combined OBS. The association between all 4 dietary and lifestyle OBS and CRC risk was not different between men and women (P interaction ≥ 0.12 and P interaction ≥ 0.36 for dietary OBS and lifestyle OBS, respectively; data not shown).
No statistically significant interactions were detected for age, NSAID use, or CRC screening status. However, analyses stratified by NSAID use indicated a stronger inverse association between OBS and CRC risk for regular daily NSAID use (≥30 pills/month) compared with no regular use of NSAIDs (Web Table 2 ). A stronger OBS-CRC association was also seen in participants screened for CRC by colonoscopy/ sigmoidoscopy than in participants never screened for CRC (Web Table 3 ). The OBS-CRC association did not differ by tumor location (distal colon, proximal colon, or rectum; Web Table 4 ).
DISCUSSION
The findings from this large prospective cohort study using comprehensive summary measures of oxidative balance suggest that a predominance of antioxidant lifestyle exposures over prooxidant lifestyle exposures (both dietary and nondietary) may reduce risk of CRC.
Multiple reviews and meta-analyses of observational studies and trials that investigated associations with/effects of individual (or combinations of selected) antioxidants have concluded that there is no evidence supporting a causal role for such antioxidants in primary or secondary prevention of CRC (9, 28, 29) . However, strong mechanistic evidence and the multitude of factors that affect the oxidative stress pathway suggest otherwise (3, 4, (30) (31) (32) . Consequently, approaches (such as ours) that combine the major antioxidants and prooxidants into a single score may be more powerful measures of oxidative stress than approaches that use single antioxidants (12, 13, 33, 34) . Since an assumption of equal weights is unlikely to reflect the real biological contributions of the individual exposures affecting oxidative balance, we used multiple approaches to weight the OBS. Each of the 3 additional OBS measures we created (OBS-lit. review, OBSa posteriori, and OBS-Bayesian) are CRC-specific. Although each measure has limitations (12), the results were generally consistent across the weighting methods and support the use of comprehensive measures of oxidative balance in studies of CRC risk.
Our results suggest that both dietary and nondietary lifestyle factors contribute to oxidative balance and CRC risk. Although none of the individual dietary components were associated with CRC risk in our data, dietary OBS, irrespective of the weighting method, was statistically significantly associated with decreased risk of CRC, indicating that it contributed importantly to the inverse associations observed. Our results for CRC are in agreement with the findings of Slattery et al. (13) and those observed for the association of dietary OBS with advanced colorectal adenomas (12) . In contrast to our findings, Mekary et al. (35) suggested that the total antioxidant capacity of foods consumed was not associated with CRC risk. The total antioxidant capacities of the foods reported in the dietary questionnaire were derived using the ferric-reducing ability of plasma assay (36, 37) . Use of total antioxidant capacity is different from the current analysis in that it measures the intrinsic antioxidant capacity of foods in vitro and does not include measures of prooxidants. Another factor that was different between our study and that of Mekary et al. was the length of follow-up (10 years and 18 years, respectively). It is possible that the OBS affects tumor promotion rather than tumor initiation.
The dietary OBS evaluated in this analysis differed from most other published studies of diet patterns (or scores) and CRC risk (38, 39) in 2 important ways. The first was the use of different weighting approaches for the OBS. The second was our use of a pathway-based approach, whereas other scores reflect either general dietary guidance or hypothesized ideal diets (e.g., Mediterranean diet (40, 41) ). While these patterns probably represent multiple preventive pathways, the OBS is specific to oxidative balance by design. Higher OBS have been reported to be associated with lower levels of F 2 -isoprostanes (a sensitive and specific marker of oxidative stress in vivo) in a dose-dependent manner, thus demonstrating the specificity of the OBS in capturing oxidative stress-associated exposures (12, 42) .
Our study had certain limitations. Although our OBS is comprehensive, we could have missed potential components because of a lack of published evidence of their effects on oxidative processes. The OBS components do not include endogenous factors that modify oxidative stress, such as DNA damage repair genes or genes encoding enzymes that regulate the cellular response against oxidative stress (43, 44) . The importance of these factors was highlighted by Slattery et al. (13) , who reported significant interactions between OBS and a polygenic summary score, comprised of markers for 4 genes that regulate endogenous antioxidant mechanisms, in a casecontrol study. Each of the components included in our study, especially the nondietary lifestyle components, also acts through pathways other than oxidative stress, and it is likely that some of the observed inverse association of OBS with CRC is a result of this (12, 45) . However, we have previously validated OBS as physiological measures of oxidative stress 590 Dash et al. Abbreviations: CI, confidence interval; CPS-II, Cancer Prevention Study II; CRC, colorectal cancer; HRT, hormone replacement therapy; NSAID, nonsteroidal antiinflammatory drug; OBS, oxidative balance score; Q, quartile; RR, relative risk; SD, standard deviation.
a Adjusted for age, sex, education, family history of CRC in a first-degree relative, CRC screening by colonoscopy/ sigmoidoscopy, NSAID use, total calcium intake, total vitamin D intake, total energy intake, HRT (among women), smoking, alcohol intake, obesity, and physical activity.
b Adjusted for age, sex, education, family history of CRC in a first-degree relative, CRC screening by colonoscopy/ sigmoidoscopy, NSAID use, total calcium intake, total vitamin D intake, total energy intake, HRT (among women), and dietary OBS. in a case-control study of colorectal adenomas using F 2 -isoprostanes (12) . Finally, use of CRC risk estimates to weight OBS components might limit the applicability of the OBS to other oxidative stress-associated diseases such as cardiovascular, metabolic, and neurological diseases. Use of endogenous biomarkers of lipid, protein, and DNA/RNA oxidation to weight dietary and lifestyle OBS components would be an ideal alternative. Our study also had several strengths. The prospective data collection, the large sample size, and the availability of data on all OBS components are strengths inherent in the CPS-II Nutrition Cohort. The similarity of results across the 4 different OBS weighting methods indicates the robustness of our findings and can be viewed as sensitivity analyses for weighting OBS components.
In conclusion, the findings from this large prospective cohort study using 4 different weighting methods for constructing comprehensive summary measures of oxidative balanceespecially considering the similarity of the results obtained using the different weighting methods-support the hypothesis that a predominance of antioxidant lifestyle exposures over prooxidant lifestyle exposures (both dietary and nondietary) reduces risk of CRC. Future directions for possible research include validation of these scores in other populations/data sets using weights reported in the current study, extension of the OBS to incorporate endogenous factors affecting oxidative balance, and development of biomarker-based OBS weights.
